This manuscript describes a combination of DFT calculations and experiments to assess the reduction of borazines (B-N heterocycles) by η 6 -coordination to Cr(CO)3 or [Mn(CO)3] + fragments. The energy requirements for borazine reduction are established as well as the extent to which coordination of borazine to a transition metal influences hydride affinity, basicity, and subsequent reduction steps at the coordinated borazine molecule. Borazine binding to M(CO)3 fragments decreases the thermodynamic hydricity by >30 kcal/mol, allowing it to easily accept a hydride. These hydricity criteria were used to guide the selection of appropriate reagents for borazine dearomatization. Reduction was achieved with an H2-derived hydride source, and importantly, a pathway which proceeds through a single electron reduction and H-atom transfer reaction, mediated by anthraquinone was uncovered. The latter transformation was also carried out electrochemically, at relatively positive potentials by comparison to all prior reports, thus establishing an important proof of concept for any future electrochemical B=N bond reduction.
Introduction
Due to a recognition of the finite availability of fossil fuels, considerable effort has been devoted to the development of new methods that generate, store, and use alternative energy vectors. 1, 2 Hydrogen is a particularly promising energy carrier; however, several key challenges must be overcome prior to implementation. 3, 4 In particular, reversible high-capacity hydrogen storage materials are required. 5 Ammonia borane (AB; NH 3 BH 3 ) and related C-B-N compounds show great promise due to their high gravimetric and volumetric hydrogen capacities as well as the relative ease with which they can be dehydrogenated. [6] [7] [8] [9] [10] Dehydrogenation pathways of B-N compounds can vary depending on reaction conditions; however, thermal and catalytic dehydrogenation often affords cyclic oligomers, such as borazines and polyborazylene (PB), as spent fuel products. [10] [11] [12] [13] Borazines (and other related B-N heterocycles) have been a topic of interest to inorganic chemists for decades. 14, 15 Early studies with this class of compounds probed electronic and reactivity parallels with arenes, since they are isostructural and isoelectronic with borazines. [14] [15] [16] [17] However, despite these similarities, borazines exhibit marked differences in their electronic structure and reactivity. Recently, borazines have been identified as a terminal dehydrogenation product from spent B-N hydrogen storage materials, and in this context, Scheme 1. Reaction pathways for hydride delivery to a Mn-borazine complex.
borazines pose a unique challenge to reversible H 2 storage due to the thermodynamically strong B-N bonds. [16] [17] [18] [19] [20] The highly exergonic nature of the dehydrogenation reaction of B-N compounds has made the development of low-energy methods (Scheme 1) for the net-hydrogenation of borazine, and PB, a topic of great interest to the hydrogen storage community. While a few notable examples of borazine/PB recycling to AB exist, [21] [22] [23] [24] [25] [26] all of these methods rely on energetically costly reagents which limit the net energy balance of the hydrogen storage system. Thus, a lower energy route to achieve reductive transformations of borazines would be beneficial. One strategy to lower the energetic barrier associated with reductive transformations of B-N heterocycles is through the coordination of borazine to a transition metal. 27, 28 interrogate one-and two-electron pathways for B=N bond reduction and assess energetic costs, we sought to evaluate the thermodynamic requirements, as well as possible mechanistic pathways for these reactions. However, there are currently no data available that describe how the coordination of borazine to a transition metal fragment impacts reductive reactions.
In this study, we quantitatively describe the extent to which metal-mediated binding promotes the ionic hydrogenation of B=N bonds. We assess these values by the direct comparison of pK a values and thermodynamic hydricities (∆G H-) before and after coordination of the borazine to a transition-metal fragment. Additionally, the free energy values for the net-hydrogenation reactions have been used to guide the selection of mild reducing agents capable of promoting reduction. These insights provide direction for the targeted discovery of new pathways for the reduction of heterocyclic B-N bonds, which are relevant for the regeneration of spent AB fuels as well as other C-B-N heterocycles. 6-8, 25, 29, 30 
Results and Discussion

2-1. Free energy of Hydrogen Addition to H 3 B 3 N 3 H 3 and Me 3 B 3 N 3 Me 3
Alkyl substituted borazines have been used as model complexes to study the reactivity of borazine (and B-N spent fuels) due to their ease of synthesis, thermal stability, and low volatility. Despite these similarities, no direct comparison of the structural and thermodynamic properties of these two compounds has been reported. The parent borazine (H 3 B 3 N 3 H 3 ) is volatile and readily cross links upon heating; 12 properties which have prevented the isolation of H 3 B 3 N 3 H 3 transition metal complexes. In contrast, substituted borazines are less volatile and thermally robust, thus, our initial studies focused on Cr(CO) 3 (1) selected for its compatibility with M-borazine complexes) using the polarized continuum solvation model. 35, 36 The B3LYP functional provided vibrational frequencies and redox potentials closest to the experimental values of the borazine metal complexes, vida infra, and was implemented in all subsequent computational analysis. The predicted free energy (Scheme 2, top) for the reduction of borazine (H 3 19, 20 The slight overestimation in the free energy for the reduction of borazine using the B3LYP functional is attributed to the limited ability of the B3LYP functional to describe dative interactions. 19, 37 However, our calculated enthalpy of H 2 addition of 1.4 kcal/mol is in good agreement with the experimental value of 1 kcal/mol reported by Schellenberg and Wolf. 38 Finally, we performed a NICS(0) calculation to evaluate aromaticity, and found a similar aromatic character between borazine and hexamethylborazine. [39] [40] [41] [42] This result further validates that hexamethylborazine is a suitable model for borazine (see Supporting Information). 43 The only known transition metal complexes of borazines are those of alkyl substituted variants. 4427, 28, [45] [46] [47] [48] [49] Thus, determination of the thermodynamics of H 2 addition for both the parent and alkylated borazines is essential to establish general relationships of alkyl borazine coordinated metal complexes, 27, 28 as model substrates for metal-mediated borazine reductions. In support, the addition of a single equivalent of H 2 to form a 1,2-H 2 -borazine was predicted to have a nearly identical reaction free energy (∆G = 31.9 vs. 28.8 kcal/mol) for both the parent and alkylated borazines in Et 2 O solutions (Scheme 2).
Although the first B=N bond reduction was found to be similar in energy for H 3 
2-2. Effect of metal coordination on pK a and ∆G H-of Me 3 B 3 N 3 Me 3
The C-C bonds of arenes are typically reduced by non-polar reagents (e.g. metal dihydrides and H 2 with a variety of heterogeneous catalysts), 51, 52 though some exceptions have been reported. [53] [54] [55] In contrast, the B=N bonds of borazine require polar reagents for reduction, and thus, the two properties of borazines most relevant to ionic hydrogenation, pK a (Table S-4) and hydricity (Scheme 3), were evaluated. Based on the absence of reactivity with hydride sources and many relatively strong acids, 27, 56 the free borazines are predicted to be inert to hydride addition and protonation. In contrast, coordination to a metal fragment induces dramatic changes in both of these values. The conjugate acid strength of the borazine ligand was increased (became a stronger acid) by 13 and 44 pK a units when coordinated in an η 6 -fashion to Cr(CO) 3 61 and much milder than LiEt 3 BH (∆G H-= 23.2 kcal/mol). 27 Consistent with the calculated thermodynamic hydricities, when 1 was allowed to react with 1 eq. of HCo(dmpe) 2 at -40 °C in 2-Me-THF, the hydride adduct (3) was obtained, as confirmed by NMR and IR spectroscopy. This finding is significant, as the delivery of H 2 -derived reducing equivalents to B=N spent fuels has previously been a coveted goal for any regeneration cycle. 25 , 61
2-3. Protonation reactions of dearomatized hydride adducts
Following hydride delivery, protonation reactions afford the partially saturated 1,2-H 2 -adduct, which completes B=N bond reduction. Our previous experimental studies suggested that the products obtained from these reactions were highly dependent on the proton source, as well as the specific reaction conditions employed. 27, 28 In all cases, the products formed from the addition of acid were too unstable to be isolated and fully characterized, and further reactions with excess HX were used to trap the reactive intermediates by adding across the remaining B=N bond(s 3 wherein a borazine B=N bond has been reduced by the sequential addition of a Me nucleophile and a proton. 27 Given the challenges associated with studying such 1,2-H 2intermediates due to their limited stability, the feasibility of these reactions was explored computationally. For these studies, we evaluated both the relative basicity of the nitrogen atoms at the 2 and 4-positions, as well as at the hydride ligand (Scheme 4). Additionally, the free energy of hydrogen elimination from the 1,2-H 2 -adduct was calculated in order to assess its relative stability. Not surprisingly, H 2 elimination is predicted to be favored by > 20 kcal/mol from both metal complexes. This is consistent with our experimental data which suggests that the partially saturated borazine species are highly unstable. However, the basicity of both the hydride and the 2-position nitrogen atom are predicted to be within 5 pK a units for both complexes (∆pK a = 4.3 for Mn and 4.1 for Cr). This is consistent with the experimental observations, vide supra, and suggests that such intermediates might be transiently accessible, and could be intercepted during a catalytic regeneration scheme.
2-4. Single electron transfer to 2 and subsequent reactivity
One of the main motivations for studying the coordination chemistry of borazines is to uncover low energy routes to generate new B-H bonds. The delivery of hydrides generated from electrons and hydrogen atoms (or protons) would be advantageous if reductions could be carried out at modest operating potentials. Complex 2 displays two reduction events at -1.19 and -1.70 V vs. To explore single electron reductions of 2, we allowed 2 to react with a single equivalent of the mild reductant, Cp 2 Co (-1.30 V vs. Fc 0/+ ). 62 The reduction proceeded readily when 1 eq. of Cp 2 Co was added to a frozen 2-Me-THF solution of 2 ( Figure 1A) . The resulting complex (5) was characterized by EPR spectroscopy ( Figure 1C ), which revealed a rhombic spectrum (g x = 2.0238, g y =2.0269, g z = 1.9803) with hyperfine coupling interactions to 55 63 Characterization by X-ray diffraction was precluded by its thermal instability. 64 However, calculations provided insight into product structure. Importantly, a Δν CO of 58 cm -1 was also predicted from theory, and the complex minimized to a structure featuring an η 6 to η 4 hapticity shift of the borazine unit. The calculated SOMO ( Figure 1B) is distributed between the Mn(CO) 3 fragment and the nitrogen p-orbitals, which is consistent with the observed 14 N hyperfine coupling.
2-5. Anthraquinone mediated reduction of 2 to 4
Following the single electron reduction to afford 5, we assessed the viability of completing a hydrogen-atom transfer to the Mn-borazine unit. Quinones have been shown to act as redox mediators, 65, 66 and to abstract H-atoms from sacrificial Scheme 5. Proposed mechanism of AQ mediated hydride reduction of 2 to 4.
sources (including solvents) when reduced under conditions that promote single electron transfer. [67] [68] [69] These reactions afford reduced hydroquinone salts, that contain hydridic O-H bonds. 70 Based on our evaluation of hydride donor requirements for 2, we targeted a hydride reagent derived from a single equivalent of a reductant and an H-atom source. 9,10anthraquinone (AQ) was selected because its corresponding hydroquinone salt (6) is sufficiently hydridic (37.2 kcal/mol) to react with 2 to form 4. Consistent with our theoretical prediction of the hydricity of 4, when a mixture of AQ and 2 (1:1) was treated with Cp 2 Co (1 eq.) in thawing 2-Me-THF (Scheme 5), 4 was obtained in 90% yield. A control reaction showed no reaction occurred when combining Cp 2 Co with AQ in the absence of 2. This is consistent with the similar reduction potentials of Cp 2 Co and AQ (-1. ). We note that the redox potential for the reduction of quinones is highly sensitive to hydrogen bonds and Lewis acid/base interactions with the quinone C=O bond. [71] [72] [73] [74] Coordinated borazine likely acts as a Lewis acid in this regard, and consistent with a persistent interaction in solution, the anthraquinone wave is anodically shifted by ~400 mV, ( Figure S12 ) when 2 is also present in the solution. This redox tuning enables reduction of AQ to its corresponding semiquinone by Cp 2 Co. Following reduction, generation of the anthrahydroquinone salt, 6, likely results from H-atom transfer from the solvent to the semiquinone species, which can then transfer a hydride to 2. The anthrahydroquinone salt, 6, was independently prepared from the reaction of NaEt 3 BH with AQ, in order to verify its competence as a hydride donor to 2. Upon introduction of 6 to 2, complex 4 was afforded in 65% yield. No activity for reduction and/or hydride transfer was noted when 6 was replaced with p-benzoquinone, whose hydroquinone salt is a much weaker hydride donor (∆G H-= 56.7 kcal/mol). 75 Furthermore, attempts to reduce 2 with p-benzoquinone and Cp 2 Co yielded none of the desired product under identical conditions. These results suggest that mixtures of 6 and 2 are thermodynamically matched to promote reduction and hydride addition.
2-6. Proposed Mechanism of Anthraquinone Mediated Hydride Transfer
The anthrahydroquinone salt (6) that delivers a hydride to 2, vide supra, can be generated from the parent anthraquinone by either H-atom transfer (from solvent) or protonation pathways. 66, 67, 70 To differentiate between these two limiting pathways, we evaluated whether an exogenous Hatom donor, such as solvent, participated in an H-atom transfer pathway to generate 6. 66, 67, 70 The substitution of the 2-Me-THF solvent with C 6 F 6 , a solvent without hydrogen atoms, provided 4 in only trace amounts (< 10%). 76 Furthermore, the addition of 2 eq. of H 2 O to the reaction carried out in C 6 F 6 also did not afford 4, which is inconsistent with adventitious water acting as the hydrogen donor. The reduction also proceeds readily (65 % yield) when dichloromethane (CH 2 Cl 2 ), a solvent with similar C-H BDFE values (86.4 kcal/mol vs. 81.7 kcal/mol for 2-Me-THF), is substituted as the reaction solvent, suggesting that solvents with comparable BDFE values can be used as H-atom donors to drive the reaction. Calculation of the homolytic bond dissociation free energies (BDFE) for both 6 and 4, afforded values of 39.0 and 52.8 kcal/mol respectively, which are significantly lower than that of 2-Me-THF (81.7 kcal/mol, Table S 4 ). However, when the THF coupling product is included, the net reaction to reduce anthra-semiquinone to 6 is decreased to 12.5 kcal/mol (Scheme S-1). Moreover, the reduction of 2 to 4, when using 6 as the hydride source, is exergonic by 31.5 kcal/mol. The difference between these two reaction energies results in an overall free energy of -19 kcal/mol (Scheme 6). Furthermore, when identical calculations were carried out using CH 2 Cl 2 as the H-atom donor (assuming formation of 1,1,2,2tetrachloroethane as the radical coupling byproduct) the net reaction energy is -7.4 kcal/mol. Thus, the products are sufficiently stable to drive the reaction forward and promote cleavage of the relatively strong solvent C-H bonds. Scheme 6. Proposed net reaction, and calculated free energy, for formation of 2 via AQ mediated H-atom transfer in 2-MeTHF and CH2Cl2.
2-7. AQ mediated hydride reduction of 2 by applied potential
Electrochemical experiments were explored to further evaluate whether single or two electron redox pathways are operative to generate boron hydrides. The number of electron equivalents can be explicitly regulated during a controlled potential electrolysis, and thus can easily differentiate between single/two electron pathways. Furthermore, the operating potential can also be selected to coincide with a given redox event observed in the cyclic voltammogram.
The selection of an appropriate solvent/electrolyte combination required careful consideration. For instance, when using [ n Bu 4 N]PF 6 as the supporting electrolyte, fluorine transfer from the electrolyte was a competing side-reaction (40% yield) under the coulometry experimental conditions. 77 Competitive fluorine transfer to borazine is perhaps not surprising, given the extremely high B-F bond strength (183 kcal/mol). 78 In an effort to circumvent F-transfer to the borazine, we targeted a fluorine-free solvent-electrolyte system for bulk electrolysis. Unfortunately, the high lability of the borazine unit further complicated solvent/electrolyte selection. For instance, borazine was displaced from the metal center with common electrolytes such as [ n Bu 4 N]ClO 4 and [ n Bu 4 N]Cl, as well as in solvents such as tetrahydrofuran and Scheme 7. Conversion of 2 to 4 by bulk electrolysis.
acetonitrile. As an alternative, we turned to the [ n Bu 4 N] + salt of mono-carborane (CB 11 H 12 -), as carborane electrolytes have been shown to be weakly coordinating anions that have high solubility and possess high electrochemical stability. 79, 80 Controlled potential electrolysis was conducted in a 0.05 M CH 2 Cl 2 solution of [ n Bu 4 N][CB 11 H 12 ] at -1.55 V (vs. Fc 0/+ ). Gratifyingly, after the passage of 4.07 coulombs (0.049 mmol) to a 0.049 mmol solution of 2, 4 was obtained in 95% yield (Scheme 7) based on integration of the 11 B NMR spectrum using (TMSO) 3 B as an internal standard ( Figure S-6 ). For further confirmation, the solution-cell IR spectrum was collected and 4 was the primary carbonyl containing species observed. Of particular note, the reaction yield of 95% after passing 1 equiv. eimplies an operative single electron process, compared to a 2 eprocess, where a <50% yield would be expected. In agreement with our chemical reduction reactions, 4 was not observed when bulk electrolysis was conducted in the absence of 9,10-anthraquinone. Collectively, these results provide strong evidence that reduction of the borazine unit occurs through a single electron H-atom transfer pathway that is mediated by anthraquinone. The energy input required for this transformation is significantly lower than that required for a 2e -/H + reduction sequence.
Conclusions
Through a combination of computational and experimental studies, this study has established a low-energy pathway to reduce borazines, which are archetypes for spent B-N fuels. Coordination of borazine to a M(CO) 3 unit was found to dramatically change the requirements for hydride and proton transfer to the borazine unit. A decrease (>30 kcal/mol) in the thermodynamic hydricity (complexes became more likely to accept a hydride) between free and coordinated borazines was imparted by coordination to Cr(CO) 3 and [Mn(CO) 3 ] + fragments. This change in the hydride accepting ability accounted for the distinct hydride addition reactivity observed for free vs. metalated borazines. Hydricity values were also demonstrated to vary significantly with metal oxidation state. Importantly, borazine dearomatization via hydride addition was verified as the key first step in such a reduction scheme. Calculated hydricity requirements for borazine dearomatization were used to demonstrate hydride delivery from an H 2 -derived hydride source, and importantly, to uncover a unique hydride delivery mechanism which proceeds through a single electron reduction and H-atom transfer reaction, mediated by anthraquinone. The latter transformation was also carried out electrochemically, at relatively positive potentials by comparison to all prior reports, thus establishing an important proof of concept for any future electrochemical B=N bond reduction sequences. These efforts may find utility in future regeneration schemes for spent AB fuels as well as other B-N heterocycles that are promising H 2 storage molecules.
Experimental Section
Computational Details: All structures were fully optimized without symmetry constraints using either the M06-2X 81 or the B3LYP [82] [83] [84] [85] functional as implemented in Gaussian 09, 86 using the 6-31G** basis set. 87, 88 The ultrafine integration grid was employed in all calculations, which ensured the stability of the optimization procedure for the investigated molecules. Each stationary point was confirmed by a frequency calculation at the same level of theory to be a real local minimum on the potential energy surface without imaginary frequency. More accurate electronic energies were computed for the optimized geometries using the larger 6-311++G(d,p) basis set. 89, 90 All reported free energies are for Et 2 O solution at the standard state (T = 298 K, P = 1 atm, 1 mol/L concentration of all species in Et 2 O) as modelled by the polarized continuum model. 91 The energy values given in the paper correspond to solventcorrected Gibbs free energies that are based on B3LYP/6-311++G(d,p) electronic energies and all corrections calculated at the B3LYP/6-31G(d) level. All calculated pK a values are for Et 2 O solutions. Although no pK a scales have been experimentally determined in diethyl ether, we chose to employ [Et 3 NH] + as the anchor of our pK a scale and assign it a pK a value of 12.5. A value of 12.5 was chosen because [Et 3 NH] + has been previously employed as an anchor (pK a value of 12.5) for a structurally similar solvent, THF. 35, 36 Initial optimizations employed the M06-2X functional as the included dispersion corrections have been shown to provide better estimation of main-group systems. 37, 81, 92 Although computations employing the M06-2X functional better modeled the thermochemistry of borazine and hexamethylborazine, all computations reported within made use of the B3LYP functional, which was found to model the manganese and chromium complexes better than the M06-2X functional. All computational vibrational frequencies reported within employed a scaling factor of 0.96. 50 
General Experimental Procedures:
All experiments were conducted using standard Schlenk techniques or in a nitrogen filled glovebox. NMR spectra were recorded on Varian MR400, vnmrs 500, or vnmrs 700 MHz. spectrometers. 1 27, 28 All solvents were passed through an S.G. Waters solvent purification system or dried and degassed by standard methods. 95 All other chemicals were purchased from commercial vendors and used as received. All filtrations were conducted using a pipet blocked with Whatman glass fiber filter paper.
Reaction of 1 with HCo(dmpe) 2 .
A solution of 1 (9.1 mg, 0.03 mmol) was prepared in 1 ml 2-Me-THF. The solution was frozen, and HCo(dmpe) 2 (9.1 mg, 0.03 mmol) was added. The mixture was thawed and shaken vigorously for 20 seconds, and then transferred to an NMR tube. The 11 B NMR spectrum ( Figure S-1) was consistent with formation of 4 in 30% yield.
Preparation of Mn(µ-H)(Me 3 B 3 N 3 Me 3 )(CO) 3 (4) by Reduction with Cp 2 Co and AQ.
A solution containing 2 (16.7 mg 0.014 mmol) and 9,10-anthraquinone (3.0 mg, 0.014 mmol) in 1 ml 2-Me-THF was frozen in the glovebox cold-well inside a 20 ml scintillation vial. To the frozen solution was added solid Cp 2 Co (2.7 mg 0.014 mmol). The mixture was then allowed to thaw and the capped vial vigorously shaken for 30 seconds. The solution was then thawed to room temperature and the yield (85 %) of the hydride 4 was determined by 11 B NMR ( Figure S- 2) integration using the residual BAr' 4 salt as an internal standard. 28 As previously noted, the spectroscopic properties of 4 are highly sensitive to the solution environment. 28 Slight differences in the 11 B NMR are observed from that previously reported ( Figure S-3) , because of this, solution cell IR was also used to confirm the identity of the product (Figure S-7) .
Preparation of Mn(µ-H)(Me 3 B 3 N 3 Me 3 )(CO) 3 (4) by bulk electrolysis.
A solution of 2 (57.2 mg, 0.049 mmol) and 9,10anthraquinone (10.2 mg, 0.049 mmol) in 7 ml [ n Bu 4 N]B 11 CH 12 electrolyte solution (0.05 M in CH 2 Cl 2 ) was prepared and placed in the working electrode chamber of a bulk electrolysis cell. The counter electrode chamber was filled with an electrolyte solution and equipped with a nickel gauze electrode. Cyclic voltammetry was recorded in the working electrode chamber (GC working electrode, Ag/AgCl reference electrode) and the potential for bulk electrolysis (-1.55 V vs. Fc 0/+ ) was selected to be coincident with first observed redox couple for anthraquinone. The cell was then equipped with a carbon felt working electrode and bulk electrolysis was conducted until a total charge of 4.07 C (1 e relative to Mn) was passed. Electrolysis was then stopped, and the solution from the working electrode chamber was removed, and reduced to a total volume of 1 ml under vacuum. This solution was then characterized by 11 
